A gas-turbine-driven pump system was designed and tested. Pump systems are generally driven by an electric motor, but a gas turbine is occasionally used as the power source for high power and performance; for example, the turbopump of a liquid rocket propulsion system. For research on turbopumps, a gas generator, turbine, and pump are developed. After each component is developed, the performance should be confirmed with a link test. In the case of a turbopump, an axial turbine is applied to generate huge torque, but a radial inflow turbine was used in this research. A radial inflow turbine can be obtained easily and mass-produced. System analysis was conducted using a link test with all components at once. The turbine generated shaft power under steady operation of the gas generator, and the pump performance was measured using a stepped closing valve at the pump exit. Turbine heat loss was considered and a slip factor was applied to the impeller design to modify performance. This research shows the feasibility of developing a pump system operated by a radial inflow turbine and its application to a small turbopump for a hybrid rocket propulsion system and an air-independent system.
Introduction
Pumps, using manpower or wind power, have long been used as machines to supply water to arable land. Nowadays, the use of pumps varies considerably. Pumps are still used widely to circulate cooling water and lubricating oil, and to supply gas and propellants to automobile engines and liquid rocket engines. Pumps are also used to lift water to a high elevation from low reservoirs. The study of turbomachinery, however, has a short history.
Prior to the development of turbomachinery, the design and manufacturing of pumps progressed based on experience. Advanced technologies and design systems have led to the development of high-performance and high-efficiency pumps. While many scholars and engineers have provided explanation using numerical expressions from research and experience, pump systems are developed based on dynamics, and continuous research is needed to satisfy today's ever-increasing demands for turbomachinery. However, few countries have made advances in the turbomachinery field. This is one of the reasons why turbomachinery research and manufacturing are costly. Commercial pumps of general size can be designed using a representative impeller and volute casing, but the development of small high-performance pumps requires specialized research and case studies. Each case study requires a model, which directly affects the cost of the research. Furthermore, when the core parts are changed and modified, the support system should be changed. Clearly, the development of turbomachinery is not easy.
The UK developed the Black Arrow space launch vehicle, which was derived from the Black Knight used for reentry phenomena research during the 1960s. The Black Arrow rocket used gamma 8 and gamma 2 engines for the first stage and second stage, respectively, and these engines used RP-1 as a fuel and high-test-peroxide (HTP) as the oxidizer. It was the first space launch vehicle to use hydrogen peroxide as an oxidizer, and it was a chance to confirm the use of hydrogen peroxide as a propellant. 1) Most of these studies are conducted using computational fluid dynamics (CFD). The precision of recent tests using CFD has vastly improved, and the results can sometimes be used as references to determine the error of experimental tests. Nonetheless, performing these tests is important because the turbomachinery system has several very complex parameters that affect each other.
A turbopump is used in a general rocket propulsion system with a liquid fuel and oxidizer. It can also be applied to a hybrid rocket system. Hybrid rockets generally comprise solid fuel and a gaseous or liquid oxidizer. In this case, the turbopump drives one impeller for the oxidizer. Its structure and mechanism are simpler than those of a typical turbopump, which uses two impellers for the fuel and oxidizer. Hydrogen peroxide has been used in a hybrid rocket as an oxidizer, with the advantage that this oxidizer is supplied to the combustion chamber under a high enthalpy condition. The schematic of a hybrid rocket using hydrogen peroxide in the turbopump system as well is shown in Fig. 1 .
Bacharoudis et al. 2) tested the performance of a pump with impeller blade exit angles of 20 , 30 , and 50 . However, the inducer, diffuser, and volute casing also have many variables that affect performance, besides the impeller. The performance variation according to changes in the cross-sectional area of volute has been evaluated using CFD analysis.
3)
Kim et al. 4) used CFD analysis to study the cross-sectional shape of the collector, which is at the end of the volute exit. Studies on impellers, diffusers, and volutes are also frequently conducted.
The pump system is usually driven by an electric motor. Electric motor-driven pumps normally operate below 10,000 rpm, except for the high-performance turbopumps of rockets, which use gas turbines because the power source is propellants. Historically, propellant pumps used centrifugal pumps that can generate very high discharge pressures, with axial pumps used only in special cases. However, in the case of turbines, axial turbines are used for the turbopumps of rockets without exception because axial turbines are easier to manufacture than radial inflow turbines and they can generate high axial power owing to the turbine wheel radius. However, in the present study, a radial inflow turbine was used. Although axial turbines are light and have simple blade shapes, radial inflow turbines are generally used in various industrial systems because they can be mass-produced via casting and have a small overall volume. Moreover, radial inflow turbines are easily driven by pressure differences.
Generally used in gas turbine engines and turbochargers for automobiles and ships, radial inflow turbines are normally operated at thousands to hundreds of thousands of revolutions per minute, and this sometimes leads to lubrication and bearing problems. The components necessary for research can easily be supplied using the turbine from a commercial turbocharger. Another advantage of using a commercial turbocharger is that the system is suitable for lab-scale research. The purpose of the impeller of the turbocharger is to compress the air supplied to the engine cylinders, so it is difficult to use this impeller to pressurize liquid. Original components were used in the present study, and a new impeller was designed and used for a liquid pump. The volute of the compressor was also modified for the liquid pump.
The gas generator is the one of the main components of a turbopump. A hydrogen peroxide gas generator using monopropellant decomposition by a catalyst generates high-temperature and high-pressure gas that is supplied to the turbine. To supply the required pressure to the turbine, a gas generator was designed such that the parameters can be controlled. A gas generator test was performed and a link test with the turbopump was also performed to confirm the performance and efficiency. The feasibility of a turbopump using a radial inflow turbine driven by a hydrogen peroxide gas generator was confirmed. Although the test was performed with a lower power and discharge pressure than those in a rocket propulsion turbopump, the system in the present study was called a turbopump because it is also driven by a turbine and gas generator.
Turbine and Gas Generator
A coaxial-type turbocharger was used for the radial inflow turbine. The turbine and compressor are on the same axis. The rotational speed is normally between 80,000 and 120,000 rpm, but sometimes reaches 190,000 rpm. In this test, however, the compressor should be changed to an impeller for a liquid pump used in a water flow test, so an excessive load can be applied to the impeller and axis.
Furthermore, a turbocharger typically requires a system for supplying cooling water and lubricating oil. A Garrett GT1548 turbocharger was chosen for this test because it is one of the smallest turbochargers among the automobile turbochargers manufactured. The efficiency of the turbine was defined thermodynamically and includes the mechanical efficiency of the axis and bearings. It was modified according to changes in the temperature of the cooling water and lubricating oil. Turbine inflow mass flow is approximately 100 g/s of hydrogen peroxide decomposition gas in accordance with the mass flow conditions of an automobile. An original turbine map from the manufacturer was used to convert to the hydrogen peroxide decomposition gas condition. The converted turbine map for this research condition is shown in Fig. 2 . A waste gate valve is installed on the turbocharger to avoid damage caused by a high pressure ratio between the turbine inlet and the exit. Without removing the turbine bypass valve, this test was performed to determine the safest maximum flow rate condition. The gas generator used hydrogen peroxide (90 wt%) and gas generated by a catalyst decomposition reaction. Sodium permanganate was chosen as the catalyst, and the decomposition gas was comprised of high-temperature oxygen and vapor. Hydrogen peroxide was supplied to the gas generator by compressed nitrogen gas. The gas generator supplied decomposition gas to the turbine inlet through a nozzle.
In the case of the pump system driven by a gas turbine, the gas generator, turbine, and pump should be designed and tested individually. The performance of the pump should be measured using an electric motor and the turbine brake horsepower should also be measured using a dynamometer. Power balance should then be controlled taking losses into consideration. In this research, however, these processes cannot be considered because component tests are not permitted in lab-scale research. The test using a gas generator, turbine, and pump is performed using a link test and problems may occur because of malfunctions or damage to components. Thus, the gas generator should be carefully designed and tested at safe operating points that can reveal information for research, not for maximum performance.
Pump and Impeller
Pumps can be divided into positive displacement machines, such as reciprocating and piston pumps, and kinetic machines, such as centrifugal and axial pumps. Pumps supply energy to liquid via an impeller from the rotational power of the axis. A centrifugal pump is suitable for generating a high discharge pressure and an axial pump is suitable for transferring a considerable amount of water from one location to another. Centrifugal pumps are usually used for propulsion systems such as the turbopump for a liquid rocket engine, and almost all turbopumps use a centrifugal pump. In the case of the extra-large M-1 rocket engine of the US, however, separate turbopumps are used for the oxidizer pump and fuel pump, 5, 6) and a centrifugal pump is used to pressurize liquid oxygen. In the M-1 engine, an axial pump is used for the hydrogen fuel pump. The discharge pressure of this fuel pump was 124 bar, and the mass flow rate was 290 kg/s. 7) Except for the above case, most turbopumps use centrifugal pumps.
The impeller is designed to satisfy the performance criteria of the pump, because the shape of the impeller is determined to some degree according to the purpose of the pump. The general process for designing the impeller starts with determining the specific speed. Specific speed is non-dimensional and is expressed in the head at the maximum efficiency and flow coefficient. The shape of the impeller is restricted in the present study. The impeller should be designed within the inside dimensions of the volute, unless the volute is changed or redesigned. A larger outer diameter increases performance, but under this condition, the outer diameter is already fixed by the inner shape of the volute. Finally, the blade shape of the impeller can be changed.
Generally, the impeller inlet angle is 17-28 , the exit blade angle is , the inlet angle is approximately 17 , and the exit angle is 22.5-27. 5 , according to Peng. 8) Dixon suggests 20-40 for the exit angle.
9) The designed impeller shows 26. 6 and 22 for the inlet and exit angles, respectively. The specifications for the impeller are listed in Table 1 . The impeller designed by CATIA and manufactured is shown in Fig. 3 .
Using the values listed in Table 1 , & ¼ 998:97 kg/m 3 , and Euler's pump equation, the head, power, and flow rate were determined according to rotational speed and any losses that occurred were not considered. The predicted values are listed in Table 2 and each parameter is represented in Fig. 4 . Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 5, 2015 Performance of the pump was modified through the slip factor (' s ). If the slip factor is applied, the C x2 value decreases and causes degradation. Stodola's method (Eqs. (1) and (2)) was used from among typical methods such as Buseman's and Stanitz's methods. Stodola's method is well known as a suitable method when the impeller exit angle is 20 < 2 < 30 .
After obtaining ' s ¼ 0:7468, the performance of the pump was modified. The results are listed in Table 3 and plotted in Fig. 5 .
Test Facility
The test facility was comprised of a hydrogen peroxide supply system, test stand, and data acquisition system. The hydrogen peroxide supply system (Fig. 6 ) included a tank inner volume of 7 L and various valves, pressure gauges, and tubes. A mass flow meter for hydrogen peroxide and a pneumatic valve to control the supply of hydrogen peroxide were both installed and controlled by a controller. Standard stainless steel pipes (40A) were used in the pipeline between the water tank and the pump inlet; the pneumatic ball valve was controlled by a solenoid valve. A water volume flow meter was also installed in the pipeline. The frame was constructed on a concrete structure using a 40 mm aluminum profile and it was fixed by 16 anchors with rubber plates as dampers.
The rotational speed of the impeller was measured using an optical sensor tachometer. A magnetic sensor is usually used for measuring the rotational speed in this case; however, additional modification of the turbocharger body was needed to install the probe and axis, or the impeller could be magnetized. In cases when an optical sensor is used, the rotational speed can be measured by reflecting tape without any addi- Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 5, 2015 tional modification of the body or impeller. On the other hand, a moment signal cannot ordinarily be detected when cavitation occurs. Subsidiary systems should be applied basically because the test is operated using a turbocharger. The GT1548 turbocharger has a pair of oil ports and cooling water ports. Lubricating oil was supplied by an electric motor-driven oil pump (1,750 rpm, 0.75 kW).
Temperature and pressure were measured at the inlet and exit of the turbine and pump, and inside the gas generator. K-type thermocouples were used and the exposed sensor was located at the end of the rod. A hydrogen peroxide mass flow meter (ACM600, AW Company) using Coriolis force and an indicator (ACE1000) were used. NI SCX-1000, 1112, and 1123 were used for data acquisition. The data was sampled at 100 Hz using Labview 8.0. The test area was approximately 13 m away from the control room.
The schematic of the test facility is shown in Fig. 7 ; the left area shows the hydrogen peroxide supply system and the right area shows the test stand. The test facility is shown in Fig. 8 . The turbine and pump parts are shown in Figs. 9 and 10, respectively.
Pump Test
The test was performed with a constant operating pressure and hydrogen peroxide mass flow rate. The initial condition of the pump exit valve was fully opened with a valve angle of 0 , and the exit valve angle was changed to 10 , 20 , 30 , 40 , 50 , 60 , 65 , and 70 . The test sequence involved first opening the water valve located in the pump inlet, and subsequently turning on the valve of the gas generator. The closing was the reverse of the test sequence. The impeller was rotated by water flowing into the pump inlet, after which the pump attained a steady state by turbine operation.
The turbine pressure ratio of an automobile turbocharger is not normally greater than 3. Thus, the turbine pressure ratio was set to 2, and the gas generator feeding pressure was supplied at 15 bar and controlled using a manual regulator. The test was performed at the closing valve, and the measured temperature, pressure, and rotational speed were plotted.
During the test at an exit valve angle of 60 , the tachometer did not function properly, so rotational speed data could not be measured in later tests. To measure the power generated from the turbine, the temperature difference between the lubricating oil and the cooling water was also measured. It is assumed that there is no heat loss, except for that occurring through the oil and cooling water. The values at the turbine inlet and exit are listed in Table 4 . Trans. Japan Soc. Aero. Space Sci., Vol. 58, No. 5, 2015 Through direct measurement, the power generated from the turbine is 5.6-8 kW and the turbine efficiency is 66-87%. However, not all of the energy related to the difference in temperature was converted to power because heat loss was not taken into consideration. Part of the heat dissipated through the turbine body via the cooling water and oil.
The heat loss via the cooling water and oil was considered using the following procedure.
Firstly, to apply the heat loss from a turbine part, some assumptions were applied, as stipulated below.
: There was no heat exchanged between the turbine body part and atmosphere. : The variation of potential and kinetic energy was ignored. : The amount of energy absolved by water and oil was equal to the temperature loss of the hydrogen peroxide decomposition gas.
The specific heat at a constant-pressure hydrogen peroxide decomposition gas was constantly applied as an average value and was calculated using the NASA Chemical Equilibrium Analysis Code. It was 1560.3 J/kg0K at 370 C and the mass flow rate was 0.064 kg/s. _ m water C p;water ÁT water þ _ m oil C p;oil ÁT oil
The amount of temperature drop in decomposition gas was 47. 7 C via the cooling water and oil, and this value was added to the turbine exit temperature to estimate more accurate turbine efficiency, because this discrepancy was affected by the high turbine efficiency of Table 4 . Table 5 lists the properties that affected the heat loss of the system. Values of the turbine efficiency and power according to the heat loss are listed in Table 6 .
The turbine efficiency decreased from 80% to 30% after heat loss, because the rotational speed of the gas turbine was lower than that under the original conditions of this turbocharger. This means that the conditions for transferring the energy from hot gas to turbine blades were insufficient. Gas turbine blades are designed for suitable rotational speeds to be fit for the purpose. Gas flows from the radial direction to the axial direction in the case of the radial inflow turbine, and the ratio of the exhausted gas velocity in the axial direction to the turbine tip speed is very important. However, if the two components are not balanced, a critical vortex occurs at the turbine exit. This vortex disrupts the rotation of and flow from the turbine. Owing to rotation of the slipstream in particular, vibration can occur, and the system can fail. When considering the abovementioned facts, this modified efficiency is not an impractical value in this system. Actually, this efficiency is higher than the actual efficiency because the heat loss through the turbine body was not considered, so the efficiency can be lower.
The hydraulic power of the pump (i.e., the power consumed by the pump impeller) can be easily calculated. The power is expressed by Eq. (4).
The pump efficiency ( p ) can be determined by dividing the hydraulic power by the shaft power (P s ) of the turbine. Not all of the shaft power from the turbine is transferred to the impeller. There are losses from friction of the bearings and lubricating oil. Furthermore, the loss during the process from the power of the impeller gained to the final hydraulic power is quite complex, so it is difficult to consider all losses specifically under these conditions. Bearing loss is generally 5-20%, and it depends on the shape of the bearing, the lubricating oil, and the operating temperature. 10) It is difficult to acquire information on the bearings used in this test, and the operating conditions were also unsatisfactory.
Thus, the maximum value of 20% was applied to this calculation.
The hydraulic power of the pump is listed in Table 7 , and pump efficiency ( p ) is listed in Table 8 , taking into consideration a bearing loss of 20%.
There is a deviation in efficiency from 6% to 27%. Excluding the maximum and minimum values, the average is approximately 17%. This efficiency is suitable given the limited design conditions and impeller shape. The best efficiency was shown at the exit valve angle of 50 in this test. Espe- cially, the pump efficiency of case angles 20 and 70 was higher than other cases. This was caused by the abnormal gas generator performance in those cases, as listed in Tables 6 and 8 . Increasing the mass flow of the gas generator means that hydrogen peroxide did not decompose completely. The proof is low temperature and high mass flow at the turbine inlet. Furthermore, the efficiency over 60 became low, so this can be estimated to be due to the occurrence of cavitation. The performance of the pump was estimated and modified using a slip factor. Figure 11 shows the pump performance curve of this test. It shows typical curve, which means that the tests are based on normal operation. The conditions which indicate abnormal values in efficiency are not included in this plot.
During pump operation, many kinds of losses occurred due to reasons such as shape of the impeller blades, separation of the boundary layer, and recirculation between the impeller blades, back flow, and pre-rotation. In this research, achieving absolute flow in the pump inlet condition was difficult and errors occurred because the inflow was assumed to be vertical against the impeller inlet blades. The clearance between the impeller and the pump housing was larger than that for high-performance pumps. Part of the inflow water flowed back to the pump inlet and it generated pressure at the pump inlet. In this part, the energy to increase the discharge pressure was lost.
Conclusion
Generally, the design and development of pumps driven by gas turbines starts with the development of each component, such as the gas generator, pump, and gas turbine. A link test is also performed after each component is developed. The traditional design method is applicable to large propulsion systems, but to develop a small system inexpensively is also important. In the present study, design and performance analysis of all the components at once was possible. Using this method, the design and development of systems for pumps that are operated by a small gas turbine are feasible. Systems developed using this method are expected to be applicable to small turbopumps for hybrid rocket propulsion systems and air-independent systems because the gas generator does not need oxygen to react and generate gas. 
